Objective: To determine whether knee arthrodesis with simultaneous lengthening using the Ilizarov method for a nonreconstructable knee joint with bone loss and infection is a successful salvage procedure.
A rthrodesis of the knee is a salvage procedure that may be indicated for a young patient with a nonreconstructable knee joint, bone loss, and infection. Different techniques of knee fusion have been proposed, such as intramedullary nailing, plating, or external fixation with uniplanar or multiplanar (circular) frames. [1] [2] [3] [4] The presence or history of infection makes internal fixation and bone grafting less desirable and carries an increased risk of recurrence of infection. 1, [3] [4] [5] Knee arthrodesis in the setting of extensive bone loss would result in unacceptable limb shortening and difficulty with bone apposition. Persistent infection and loss of bone stock have been associated with failures of arthrodesis, and above-knee amputation often is recommended for patients with these conditions. 6 Many studies of knee arthrodesis using uniplanar external fixation, circular external fixation, or intramedullary nailing have been conducted. However, the practice of simultaneous limb lengthening has been only sporadically noted in case reports. [7] [8] [9] [10] The Ilizarov method offers a comprehensive approach for dealing with infection, bone loss, and knee joint destruction by using knee arthrodesis and simultaneous bone lengthening with dynamic circular external fixation (Fig.  1) . 5, [9] [10] [11] [12] [13] The purpose of this study was to evaluate our treatment of these most challenging cases. Our goal was to determine whether this comprehensive approach is a successful method of treatment in terms of patient function, resolution of pain, eradication of infection, and achievement of normal limb alignment, optimal limb length, and bony union.
MATERIALS AND METHODS
Between 1999 and 2001, 4 patients at our institution underwent a knee arthrodesis procedure and simultaneous lengthening using the Ilizarov method (Table 1) . The patients were all men with an average age of 39 years (range 33-45 years), average height of 71 inches (range 66-72 inches), and average weight of 191 pounds (range 145-230 pounds). All patients had a history of trauma, multiple surgical operations, and infection. Three of the patients had sustained proximal tibial fractures, and 1 had an anterior cruciate ligament tear. As a result of injury, infection, and surgical operations, these patients presented with an average lower extremity longitudinal deficiency of 7.2 cm (range 4-14.5 cm) from shortening and bone loss. All patients had been offered an above-knee amputation before receiving our treatment. The average interval from index trauma to knee arthrodesis was 2.9 years (range 6 weeks-9 years). The patients had undergone an average of 9.5 previous surgical operations (range 3-16 operations). Soft tissue was compromised about the knee area in all patients, and 3 of them had required a previous free-flap procedure. One patient presented to us with an intramedullary rod and a cement spacer. Two patients had varus deformity of the knee; 1 of the 2 had a contralateral foot drop, and the other had a contralateral posttraumatic hip arthritis and flexion contracture. Two patients were smokers; 1 of them later quit smoking during treatment. One patient was nonambulatory, and 3 were using crutches for ambulation. Two patients had active infection with positive intraoperative cultures. Two other patients had history of recent infection. No patient had diabetes.
Bifocal compression-distraction osteosynthesis technique 12 was used for 3 patients, with lengthening performed at the proximal tibial osteotomy site (Fig. 2) . Two of the 3 patients underwent osteotomy for lengthening 8 and 11 weeks, respectively, after the arthrodesis procedure. Bone transport was performed in 1 patient with 14.5 cm of bone loss in a trifocal fashion, 12 and bone lengthening was accomplished through femoral and distal tibial osteotomies with simultaneous shortening across the bone defect. This patient underwent planned bone grafting at the docking site (Fig. 3) .
Two patients had positive intraoperative cultures and received a 6-week course of intravenous antibiotics. The other 2 patients had a recent history of infection that had been treated with antibiotics, and their intraoperative cultures showed no bacterial growth. They were not given another course of intravenous antibiotics (Table 1) . External bone stimulation was used for all patients. It was started during the early distraction phase and continued until bony healing was achieved and frame removal performed. Ultrasound (Exogen; Smith & Nephew, Memphis, TN) was used for 3 patients, and capacitive coupling electrical stimulation (EBI, Parsippany, NJ) was used for 1. This was done empirically to enhance bone healing at the arthrodesis site and at the lengthening sites in this challenging group of patients.
Full weight bearing was encouraged throughout the entire treatment. After frame removal, a long lower limb cast was applied. Patients were instructed to be 50% partial weight bearing in the cast for the first 2 weeks. The long lower limb cast was then changed, and weight bearing as tolerated was allowed in the cast for the next 4 weeks.
Clinical and radiographic parameters were assessed. Radiographs included 51-inch standing bipedal radiographs for measurement of limb length discrepancy and alignment. 14 Quality of life was assessed by using outcome scores measured preoperatively and at the most recent follow-up examination. The Medical Outcomes Study 36-item short-form health survey (SF-36) was used to assess quality of life. The American Academy of Orthopaedic Surgeons (AAOS) lower limb module also was used to score function before surgery and at latest follow-up examination. 15 
Surgical Technique
Regional epidural anesthesia is preferably used, although general anesthesia may be used. Postoperative epidural catheters are not left in place after tibial osteotomy so that a potential compartment syndrome will not be masked. The patient is placed supine on a radiolucent table with a bump under the buttock to correct the external rotation of the lower limb.
A sterile tourniquet is used for exposure at the knee arthrodesis site. The knee is approached first (Fig. 2 ), except in cases in which bone transport is used (Fig. 3) . The knee is preferentially approached anteriorly through a transverse incision. The patella may be maintained or removed. Our preference is to perform a patellectomy. This improves exposure and eliminates a potential source of pain. A temporary guidewire is placed in the distal femur and proximal tibia, perpendicular to the mechanical axis, as a guide for the bone cuts. This is placed perpendicular to the anatomic axis of the tibia and approximately 6°valgus relative to the anatomic axis of the femur. 14 Alternatively, the jigs for total knee replacement reconstruction may be used. In the sagittal plane, the cuts are made to achieve full knee extension. Positioning the knee fusion in full extension yields maximum length and minimizes the amount of lengthening needed. The amount of bone resection needed is determined by the need to remove dead bone and to achieve satisfactory bone apposition. Although not all infected bone requires removal, dead bone must be removed. This margin is determined in surgery by the presence of bleeding bone and an open intramedullary canal. Deep bone cultures and pathologic specimens are obtained. Provisional stabilization of the knee arthrodesis is performed with 2 crossed 1.8-mm Ilizarov wires.
Antibiotic beads are used in selected cases for local antibiotic delivery and dead space management. The presence of a dead space and/or a purulent infection is our indication for the use of antibiotic beads. The beads are removed after 6 weeks of intravenous antibiotics and may be replaced with bone graft. We do not typically transport with antibiotic beads in place because of concern about bead migration or bead incarceration into the bone.
A 4-ring Ilizarov frame is constructed (Fig. 1) . The 2 middle rings are separated by approximately 10 cm. Reference wires are placed in the proximal tibia and distal femur, perpendicular to the mechanical axis, attached to the rings, and tensioned to 130 kg. The proximal and distal rings are fixed with tensioned wires. Each ring is stabilized with 2 to 3 tensioned 1.8-mm Ilizarov wires or 6-mm half-pins. Three rings are placed on the tibia when lengthening of the tibia is planned. The femur is additionally stabilized with an arch proximal to the first ring. The arch is stabilized with 2 to 3 half-pins (Fig. 2) . Acute compression of the arthrodesis site with the Ilizarov frame by approximately 15 mm is performed in the operating room. The lengthening osteotomy is typically performed in stages after approximately 6 weeks. The potential sites include the distal femur, proximal tibia, and/or distal tibia. 12 In the case of bone transport, contact at the knee arthrodesis site is not achieved initially (Fig. 3) . The docking site, which is the knee arthrodesis site, is bone grafted when the gap is approximately 10 mm. Any fibrous tissue is debrided, intramedullary canals are opened, and bony ends are contoured and optimally aligned at the time of bone grafting.
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RESULTS
The results are summarized in Table 2 . Bony union of the knee arthrodesis and regenerated bone was achieved in all 4 patients. The mean amount of lengthening was 5.4 cm (range 2.5-11.5 cm). Mechanical axis deviation improved from 27 mm medial to midline (range 20-36 mm medial to midline) to 1 mm lateral to midline (range 5 mm medial-10 mm lateral to midline). The femorotibial angle after arthrodesis was 6°to 8°o f valgus. The average time in frame was 11 months (range 6-17 months). Complications included superficial pin tract infections occurring in all 4 patients; in all cases, the infections responded well to orally administered antibiotics or the removal of a skinny wire in the office. 
FIGURE 3. (continued)
The average follow-up duration after frame removal was 35 months (range 28-48 months). Limb length discrepancy after treatment averaged 1.8 cm (range 0.6-3.7 cm). All patients were walking without the aid of assistive devices. Infection did not recur in any case. Average SF-36 scores improved in all 8 categories (Table 3) , and average AAOS lower limb modules improved from 33 (range 11-37) to 68 (range 51-76).
One patient undergoing distal tibial lengthening developed 12°of equinus contracture at the ankle. This patient had a final limb length discrepancy of 3.7 cm (Fig. 3) . A shoe with heel lift was made to compensate for the ankle deformity and the shortening. The patient was given the option of undergoing ankle contracture correction, but he chose not to have this done. One patient with contralateral posttraumatic hip arthritis and flexion contracture underwent uncemented total hip arthroplasty. Although this was not a complication of the procedure, we note it here because of the effect on this patient's function, gait, and overall outcome.
DISCUSSION
Salvage of the limb that has an infected bone defect remains a difficult problem. Inability to control infection or the presence of extensive loss of bone stock may lead to the need for amputation. 6 Knee arthrodesis is an important salvage procedure. Failed total knee arthroplasty is now the most common clinical indication for arthrodesis, although this was not the situation in the current study. 2, 3 The orthopaedic literature regarding knee arthrodesis deals predominantly with failed total knee arthroplasty. Despite the reports that mean limb length discrepancy after failed knee arthroplasty and subsequent arthrodesis varied from 3.2 to 6 cm, [9] [10] [11] 13 no studies in the English language orthopaedic literature are devoted to lengthening in these situations. Although some authors have mentioned simultaneous lengthening in single cases among their series 5,9,11 or in case reports, 7, 8, 10 the information they presented was limited and no follow-up or functional outcomes were reported.
A meta-analysis of knee arthrodesis conducted after failed total knee arthroplasty showed that increased bone loss, inadequate bony apposition, persistent infection, and limb shortening were the reasons for poor outcomes.
2 Knee arthrodesis techniques include intramedullary nailing, plating, or external fixation with uniplanar or multiplanar (circular) frames. [1] [2] [3] [4] Studies have suggested that intramedullary nailing is the most successful technique, compared to plate fixation and external fixation, for achieving fusion after infection of a total knee replacement. 2, 4, 16 However, problems are associated with the use of intramedullary nailing in the setting of infection. First, primary nailing is contraindicated in the setting of active infection. A 2-stage procedure is needed. The first stage requires débridement and treatment of infection. The second stage consists of arthrodesis with an intramedullary nail. The required interval between these stages is not entirely clear, and suggested time frames in the literature range from 22 to 40 weeks. [3] [4] [5] 13 Another difficulty associated with the 2-stage procedure is the problem of maintaining stability after prosthesis removal. Despite a 2-stage procedure, risks of intramedullary dissemination of infection and recurrence of infection remain. Chronic suppressive antibiotics often are used until bony union is achieved, and removal of the intramedullary nail may be needed for eradication of the infection.
The most recent literature compares fusion results achieved when using internal versus external (circular frame) fixation.
9,10,13, 16 Waldman et al, 16 using a modular titanium intramedullary rod in cases of infected total knee arthroplasty, reported a 95% rate of union and a time to fusion of 6.3 months, similar to the experience reported by Oostenbroek and van Roermund 13 (93%) and Manzotti et al 9 (100%) after Ilizarov frame fixation for 7 and 6.8 months, respectively. In the above series, Manzotti et al 9 had 1 patient who required lengthening, but this patient was not included in their results. These authors published a case report 10 of knee arthrodesis and simultaneous lengthening of 6 cm and a total frame time of 38 months.
Garberina et al 5 achieved bony union in 13 of 19 (68%) patients who underwent knee fusion with the use of an Ilizarov frame (time in frame was 4 months and 8 days) for a variety of indications. The rate of bony union for knee fusion after pyarthrosis in those cases was 80% (4 of 5 patients), with fixation time of 5.2 months. Included in their series were 2 patients who had simultaneous lengthening to correct shortening of greater than 2 cm, and their time to healing averaged 5 months. The specific amount of lengthening and technique was not mentioned. Feibel et al 11 reported successful fusion in 8 of 11 patients who underwent knee fusion with the use of an Ilizarov frame, with a mean time of 4 months in the frame. One patient in this series underwent simultaneous lengthening of 4 cm. Length of time in frame is probably an important factor contributing to successful outcome of the fusion. Knee arthrodesis in the presence of bone loss and infection requires more fixation time for bone healing. In our series, bony union was achieved in all patients, and the shortest time in frame was 6 months. Longer frame times were needed for healing of the regenerate bone. It was our impression that there was added time in the frame for consolidation of the regenerate bone. We estimate that the average additional time in frame necessary for consolidation of the regenerate bone was 5 months (range 2-8 months).
The Ilizarov method offers a comprehensive approach to the problems of bone loss, infection, and arthrosis of the knee after trauma. In the setting of infection, debridement and acute stabilization can be accomplished by using a circular frame. Antibiotic beads may be used for dead space management and local antibiotic delivery. Optimal bony opposition and intraoperative compression are accomplished with the frame. After a few weeks of antibiotic treatment, the acute infection is under better control. In addition, the limb length discrepancy can be predicted by conducting clinical and radiographic analysis. The patient can be taken back to the operating room at that point to undergo lengthening osteotomy in the femur and/or tibia. Removal of antibiotic beads and bone grafting of the arthrodesis site can be performed at the same surgical setting. Bone grafting is, however, not routinely needed if satisfactory contact and compression exist between metaphyseal bone segments of the femur and tibia at the arthrodesis site. In a case of bone transport like that performed for patient 4, contact at the knee arthrodesis site is achieved at a later time. In this situation, bone grafting of the docking site is recommended to enhance bony healing. 17 Advantages of the Ilizarov method include the ability to avoid internal fixation in the presence of infection, implement gradual compression across the arthrodesis site, obtain and maintain satisfactory alignment, make postoperative adjustments, permit weight bearing, dynamize the system for stimulation of bony union, and simultaneously lengthen the limb for optimal limb length. We think that the optimal shortening of the lower extremity with the knee arthrodesis is 1.5 cm, which assists with clearance during the swing phase of gait.
We empirically used external bone stimulation in this challenging group of patients. It is difficult to define the role of bone stimulation and how it may have affected our results. The number of patients in this series was small, and comparison with another series is not possible because of the unique nature of this treatment.
Knee arthrodesis performed to treat failed total knee arthroplasty is typically different from the knee arthrodesis performed in the present study. Patients who undergo knee arthrodesis after failed total knee arthroplasty are usually older than the patients in our study group and usually have undergone 1 or more revision total knee arthroplasty procedures, with the most recent arthroplasty including stems and a constrained device. These patients usually have experienced massive loss of spongy metaphyseal bone and have been left with cortical shells. For these patients, we recommend a staged approach and the use of intramedullary nailing. The nail provides long-term stability to support the partial bony healing between the cortical shells. In addition, we usually do not perform lengthening on patients who are older than 60 years and instead use a shoe lift for optimization of limb lengths.
Bony union was achieved in all patients, and infection did not recur in any case. All patients achieved improved func-tional outcomes and the ability to ambulate, and they reported no pain at the arthrodesis or lengthening sites at the time of last follow-up examination. American Academy of Orthopaedic Surgeons lower limb modules 15 and SF-36 scores were used to objectively evaluate outcomes as reported by the patients. Both of these validated scoring systems showed improvement resulting from the intervention. We achieved good results in this small group of young patients, which suggests that knee arthrodesis and simultaneous lengthening can be performed successfully, optimizing limb length during arthrodesis.
